Abstract. Compensation of the poleward eddy heat transport by the heat transport of an eddy-induced mean meridional overturning cell is a common feature in many eddyresolving ocean models. It has been ,argued that this is the result of the weak thermal driving of the ocean. As the actual air/sea coupling is scale dependent, it might be questioned whether the approximation of weak thermal driving is relevant for the oceanic eddy field. In this paper the role of diabatic forcing in modifying eddy-mean flow interaction is investigated. Emphasis has been placed on the sensitivity of the eddy-induced change in heat transport to the sea surface thermal boundary condition. Experiments have been performed with a multilayer isopycnic primitive equation model of an idealized North Atlantic subtropical and subpolar gyre. For different values of the air/sea coupling, solutions with and without transient eddies have been compared. The air/sea coupling mostly affects the upper ocean thermal and velocity fields. A decrease of the coupling timescale pushes the separation point of the midlatitude jet further northward and induces a tight recirculation southwest of the separated jet. These effects are enhanced by the eddies. In the present model there is compensation of the eddy heat transport for sea surface temperature (SST) relaxation times longer than 150 days; a breakdown of the compensation occurs for SST relaxation times shorter than 50 days (the average upper layer depth is 200 m). In between is a transition regime. For strong thermal driving the eddy-induced change in total heat transport is of the same order as the eddy heat transport.
Introduction
The large-scale ocean circulation is driven by mechanical (wind) and thermohaline forcing. The latter forcing is basically an interactive process between ocean and atmosphere. The development of theories of the general circulation driven by buoyancy forces has been troubled by the difficulty that the stratification, which wind-driven theories treat as a priori known, has become an additional unknown.
A solution for the global ocean was given by Veronis [1978] , who combined Ekman pumping distributions and a prescribed interior upwelling in a two-layer model. A different approach to explain the mid-ocean circulation was given by Luyten et al. [ 1983] , who developed a multilayer model of the ventilated thermocline which provided for a theory in which both buoyancy and wind-forcing could be included. However, most studies that extended the model of Luyten et al. prescribe the density at the base of the mixed layer, which is more a circumvention of the air/sea interaction problem. Pedlosky et al. [1984] and Luyten and $tommel [1986] addressed the influence of air/sea interaction on the ventilated thermocline. However, the former used a prescribed heat flux and the latter a prescribed mass exchange between the layers. Cushman-Roisin [1987] used a similar model with a Haney-type [Haney, 1971] forcing, in which the thermocline temperature is relaxed to prescribed values, combined with a heat exchange with the deep ocean. These studies have given us valuable insights, but suffer from limiting hypotheses, such as the neglect of inertial terms and friction.
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For this reason these models have only a regional validity as the solution for the "open ocean" is decoupled from the western boundary currents. To obtain a (thermo)dynamically closed system a numerical model seems advantageous. Various numerical models of the wind-and buoyancydriven ocean circulation have been designed to test aspects of the theory of the ventilated thermocline and to extend this theory [e.g., Cox and Bryan, 1984; Huang and Bryan, 1987; Colin de Verdi•re, 1989] . In most of these models, smallscale turbulence and ringlike eddies are parameterized in terms of diffusion and friction.
The effect of such parameterization on the overall ocean heat budget has been addressed by Cox [1985] and Bryan [1986] , by comparing eddy-resolving and non-eddy-resolving versions of an ocean model. Due to a near compensation between the eddy heat transport and an eddy-induced change in heat transport by the mean flow, this parameterization was concluded to be valid with respect to the heat budget. Bryan [1986] argued that this compensation should be the result of the weak thermal driving of the ocean.
The higher-resolution study with the Cox model by B6ning andBudich [1992] urged Bryan [1991] to readdress this issue.
He concluded that both model versions show the same compensation mechanism. This compensation was the result of changes in the shallow meridional overturning cells that are related to the Ekman pumping, and these overturning anomalies should be related to changes in the zonal crossbasin pressure gradient. He also argued that the heat transport compensation was similar to the compensation found for stratospheric waves and suggested that the generalized Eliassen-Palm concept developed by Andrews and Mcintyre [1976] should be a valuable framework for an explanation of this compensation.
These ideas were further examined by Drijfhout [1994] . The robustness of the compensation phenomenon with respect to model formulation and degree of nonlinearity was tested, using an isopycnic model of the Semtner and Mintz [1977] basin, where the enhanced wind forcing secures a stronger midlatitude jet and eddy field. Results show that compensation of the eddy heat transport also occurs in this model configuration.
Furthermore, Drijfhout [ 1994] confirmed that the enhancement of the overturning is mainly associated with an eddyinduced change in zonal pressure gradient, brought about by a zonal eddy heat transport against the direction of the parent stream. In this model the mean flow forcing by the eddies was nearly balanced by an eddy-induced change in cross-basin zonal pressure gradient. This eddy-mean flow interaction principle secured the net non-heat transport character of the eddies.
It was shown that the strength of the atmosphere/ocean coupling should be essential in the determination of the eddy-mean flow interaction. The non-heat transport character of the eddies could only be demonstrated under weak diabatic forcing conditions. With respect to rings this implies that diabatic effects must be small during the period that they are isolated, and modification of their sea surface temperature (SST) anomalies should be negligible during their lifetime. It was hypothesized that the non-heat transport character of the eddies would break down when the diabatic forcing was enhanced.
The discussion on the critical role of diabatic effects by Bryan [1986, 1991] Huang [ 1989] demonstrated that F is a controlling factor in describing the thermodynamical air/sea coupling in a noneddy-resolving ocean model. In that study the length scale L was determined by the scale of the gyre. It can be argued that the gyre circulation timescale should be the relevant timescale of the eddy field. For isolated eddies, modification of the air/sea heat exchange through their SST anomaly is operative while they are isolated from the mean flow. The lifetime of isolated eddies is typical of the order of the gyre circulation time, i.e., the time needed to bring them back to the western boundary current. On the other hand, one can argue that the length scale of the eddy field itself should be the relevant one [Drijfhout, 1994] . In the present study the ratio of the two length scales is constant, and we shall use Huang's definition of F in the remainder of the text.
Typical values of F suggest that the actual air/sea coupling should be intermediate in strength, varying between weak and strong (in general 0.1 < F < 10, while the proper value of r is unknown and, moreover, r will be a function of the oceanic and atmospheric flow configuration). According to Drijfhout [ 1994] , F = 0.4 (with the length scale L determined by the eddy field F = 0.15; in that paper F was calculated to be 0.3, as the scale of the wind field was erroneously multiplied by a factor of 2). Compensation of the eddy heat transport was the result of a rather weak thermal driving. It was shown that compensation occurs when diabatic effects are small compared to advective changes in the heat equation, i.e., when F < 1. It was suggested that compensation of the eddy heat transport might already break down for realistic values of the diabatic forcing, when F becomes of the order of one. Moreover, the coupling coefficient (inverse of the relaxation time for SST anomalies) is reduced by the feedback of SST anomalies to the atmospheric boundary layer temperature. However, such feedback on the ocean mesoscale should be negligible.
This suggests that in reality the coupling will be scale dependent; the coupling will be stronger for smaller-scale SST anomalies. Also the coupling will depend on the depth of the mixed layer and details of the flow field. It should be clear that the thermal forcing has to be varied over a wide range to be able to draw conclusions on the possible role of eddies in the ocean heat budget from simulations.
This study investigates the influence of the upper thermal boundary condition on eddy-mean flow interaction and the eddy-induced change in heat transport. Drijfhout's [1994] model is used to find solutions for different F. In that study it was found that due to the relatively strong wind forcing and subsequent strong nonlinear flow field, there were no qualitative differences between a 1/3 ø x 1/3 ø and a 1/6 ø x 1/6 ø version of the model if weak biharmonic frictions were used:
Already at 1/3 ø resolution the hydrodynamical instability of the flow is so strong that the eddy kinetic energy dominates the mean kinetic energy and ring formation is described. With strong Laplacian friction, however, the 1/3 ø x 1/3 ø resolution model generates no eddies, but attains a steady state after spin-up. Hence for reasons of computational efficiency in this study, solutions for strong Laplacian friction (without eddies) and weak biharmonic friction (with eddies) are compared on a 1/3 ø x 1/3 ø grid for a range of different F values.
The outline of the paper is as follows. A description of the numerical model is given in section 2. A comparison of mean flow fields with and without eddies for different F is given in section 3. The effect of F on the eddy-induced change in meridional heat transport is evaluated in section 4. In section 5 the eddy-mean flow interaction that causes a (partial) compensation of the poleward eddy heat transport is analyzed and the role of diabatic forcing in this eddy-mean flow interaction is described. In section 6 we summarize our findings and present our conclusions.
Description of the Numerical Model
In this section a short description is given of the numerical model. For more details we refer the reader to Drijfhout [1994] . The model consists of a three-layer primitive equation isopycnic model as described by Bleck and Boudra [1986] . The use of an isopycnic model to study the eddy heat transport was suggested by Drijfhout [1992] . 
Comparison of Solutions
The main topic of this study is the model's sensitivity to the relaxation time of SST anomalies as applied to the imposed Haney-type buoyancy forcing. Drijfhout [1994] described a run for weak thermal forcing, F = 0.4, where the strength of the thermal driving is expressed by the nondimensional parameter F, as suggested by Huang [1989] :
where L is the length scale of the gyre, U is the wind-driven velocity, and r is the relaxation time for the surface thermal field. The parameter F effectively measures the ratio of the circulation time of the wind-driven gyres to the relaxation time of the upper layer temperature field to the buoyancy forcing. The value for F of 0.4 corresponds to a relaxation time of 333 days for an upper layer with an average depth of 200 m. In the present study the effect of increasing F, i.e., a stronger thermal driving, has been explored to study how the eddy-mean flow interaction changes and whether eddyinduced changes in the overall heat transport occur for stronger thermal driving. Table 1 thermal driving. While F increases, the upper layer thickness field changes from a wind-forced pattern to a thermally forced pattern. This feature is blended by a northward deflection of isopycnals in the western boundary current, controlled by the strength of the advection. The latter is significantly increased by the eddies.
Meridional Heat Transport
The meridional (poleward) heat transport can be evaluated by integrating the zonally and vertically integrated form of the heat budget equation:
--T + V. (uT)= -BTV4T + T(T*-T) (4')
Ot from the southern boundary to a latitude y0.
We then obtain, from the thickness advection, the poleward heat transport at latitude y 0, balanced by the integrals of the surface flux, diffusion, and tendency (heat storage). Huang, 1990] . In the present study both the eddies and increased cooling enhance the recirculation. The effect of this recirculation is to bring warm water from the western boundary current further to the northeast; the latitude at which the midlatitude jet separates from the coast is increased by this recirculation (Figures 3, 4, and 5) . As this water is warmer than the air, it is cooled on its path. The southwest branch of the recirculation brings relatively cold water back in the western boundary current (Figures 12 and   13 ). By this mechanism the eddies cool the western boundary, while in the absence of such a tight recirculation the western boundary at midlatitudes is warmed.
The Role of Diabatic Forcing
The critical role of the diabatic forcing in the explanation of the compensation of the eddy heat transport was first mentioned by Bryan [1986] . He argued that the ocean was subjected to weak thermal driving and for that reason there should be similarities between the compensation of the eddy heat transport in the ocean and heat transport by stratospheric waves [e.g., Andrews et al., 1987] However, to apply such a theory to the transient eddies implies the development of an equivalent of the EliassenPalm concept in time-averaged conditions. This is far from trivial. Also the concept of a steady wave field, central in the Andrews and Mcintyre theory, seems inapplicable to the simulations of ring formation (e.g., Drijfhout [1990] ; see Drijfhout [1994] for a more complete discussion). In the latter study an eddy-mean flow interaction theorem in isopycnic coordinates was derived for weak thermal driving: 
Summary and Conclusions
In the present study it was investigated how the diabatic forcing influences the eddy-mean flow interaction. The experiments were carried out with an isopycnic model, derived from the code of Bleck and Boudra [1986] , that simulates the idealized North Atlantic gyre study of Semtner and Mintz [1977] . When varying the SST relaxation timescale for each run, two experiments were made, one experiment with high Laplacian dissipation which suppresses all transient behavior, and one with weak biharmonic dissipation in which the subsequent hydrodynamic instability of the flow gives rise to a vigorous eddy field.
An increase of the nondimensional air/sea interaction coefficient induces an increase of the angle between the upper layer velocities and thickness contours, and also the absolute velocity itself is increased. The latter feature is enhanced by the eddies. Then, in the boundary current where the velocity is largest, the thickness contours are pushed further northward, which creates a standing meander near the western boundary. As a result the latitude at which the midlatitude jet leaves the coast is increased. A tight recirculation just southwest of the midlatitude jet is established for sufficiently large F. This circulation is enhanced by the eddies. For F > 3 the cold water advection by the recirculation gyre cools the western boundary. For F < 1 the eddy-induced increase of warm water advection by the western boundary current is the dominating temperature effect. The range 1 < F < 3 is a transition regime.
The subsequent change in cross-basin zonal pressure gradient induces overturning anomalies. For weak thermal driving the eddy-induced overturning anomalies compensate the eddy heat transport. For strong thermal driving the eddy-induced change in the upper layer zonal pressure gradient reverses. The eddy-induced change in total heat transport becomes of the same order as the eddy heat transport itself.
Bryan [1986] argued that the weak thermal driving of the ocean necessitates the compensation of the eddy heat transport. Drijfhout [ 1994] extended the discussion on the critical role of diabatic effects by including a nondimensional parameter F which measures the ratio of the advective timescale and the SST relaxation. In the present study it has been shown that F controls the eddy-mean flow interaction. For two different definitions of the relevant advective length scale, the transition between weak and strong driving occurs between 1 < F < 3 or 0.3 < F < 1, respectively. This implies that from the present study it cannot be concluded whether the timescale of mesoscale eddies is determined by the advective timescale of the wind-driven flow, i.e., the time .
• II
